Tubby and Tubby-like proteins (TLPs) were first discovered in mammals, where they are homologues, the N-terminal part of almost all AtTLPs has nucleo-cytosolic and plastidial localization patterns. Thus, it is tempting to assume that TLPs translate reactive oxygen species currents into signaling not only for transcriptional regulation in the nucleus, but also affect plastid-associated functions after release from the PM.
Introduction
Plants have to cope with a variety of abiotic and biotic stresses that can impair their development or even result in plant lethality. They have thus developed diverse strategies to counteract stress situations and evolved stress perception systems that activate adaptive stress responses. The plant immune system is highly effective in the recognition of non-self molecules, termed microbe-associated molecular patterns (MAMPs), such as chitin of fungal cell walls or flagellin of bacterial flagella. So-called pattern recognition receptors (PRRs) specifically recognize these MAMPs. The resulting PRR-mediated immune response is known as MAMP-triggered immunity (MTI) and is highly effective in stopping invasions by plant pathogens (Boller and Felix, 2009) . Abiotic stress sensing does obviously not rely on specific receptors. However, alterations in phospholipid properties of the plasma membrane (PM) initiates stress signaling, which is associated with Ca 2+ influx and the production of reactive oxygen species (ROS) (Huang et al., 2011) . The PM of Arabidopsis consists to about 50% of phospholipids with phosphatidylcholine and -ethanolamine as principle constituents (Uemura et al., 1995) . Less than 10% of the PM consists of phosphatidylinositol (PI). A diverse set of PI kinases is able to phosphorylate the inositol group of PIs at different positions to synthesize a set of PI monophosphates and diphosphates (Munnik and Nielsen, 2011) . In plants, phosphorylated PIs make less than 1% of all membrane phospholipids among which PI diphosphate levels are particularly low (30-100 fold lower than PI monophosphates) (Munnik and Testerink, 2009) . Phosphorylated PIs such as phosphatidylinositol 4,5-bisphosphate (PIP 2 ) are discussed to affect cell signaling by binding target proteins or enzymes and to serve as substrates for phospholipasesto generate bioactive inositolphosphates (Munnik and Nielsen, 2011) .
Plant hormones such as salicylic acid (SA), jasmonates (JA), ethylene (ET), abscisic acid (ABA), auxin/IAA (Aux/IAA), brassinosteroids (BR), and gibberellins (GA) substantiate and modify immune and stress signaling (Robert-Seilaniantz et al., 2011) . Among these hormones, ABA takes a central role in abiotic stress signaling and in mediating stress tolerance in plants (Huang et al., 2011) . ROS (e.g. H 2 O 2 ) are versatile messenger molecules, which are produced by metabolic processes or external cues and activate stress response pathways (Mittler et al., Recent studies revealed the participation of Tubby-like proteins (TLPs) in plant stress signaling (Cai et al., 2008) . The Tubby protein as founding member of TLPs was first identified in mice, where its mutation causes late-onset obesity and neurosensory deficits.
Tubby and other vertebrate TLPs are essentially for neuronal cell development (Tubby, TLP1), spinal cord development during embryogenesis (TLP3), and skeletal development (Boggon et al., 1999; Gilissen et al., 2010; Mukhopadhyay and Jackson, 2011) . TLPs are conserved among eukaryotes and carry a conserved C-terminal Tubby domain, while the N-terminus is highly variable and probably specifies downstream function. In mice cells, Tubby and TLP3
are suggested to act as stress-responsive PM-tethered transcription factors (Boggon et al., 1999; Santagata et al., 2001 ). PM attachment is achieved by phosphatidylinositol 4,5-bisphosphate (PIP 2 )-binding. After ligand binding, stimulation of G protein-coupled receptors results in the activation of phospholipase C-β, which cleaves off Tubby and TLP3 from the PM, allowing their translocation into the nucleus. Since Tubby has DNA-binding activity, it is postulated to regulate stress-responsive gene expression. TLP1 might conduct similar functions as it has DNA binding activity (Boggon et al., 1999) . By contrast, the function of TLP2 is currently unknown. In addition to TLP4, Tubby and TLP3 also participate in vesicle trafficking in the cytoplasm in cilia of mice and human cells (Gilissen et al., 2010; Mukhopadhyay et al., 2010) . Cilia function as microtubule-based antennae. Tubby and TLPs act as bridging molecules between the intraflagellar transport-A (IFT-A) complex and vesicles, thereby influencing the receptor composition at the PM of cilia (Mukhopadhyay et al., 2010) .
It is currently unknown how the function of Tubby and TLP3 in regulation of gene transcription and vesicle trafficking is spatio-temporally organized. However, both functions crucially depend on the PIP 2 -binding properties of the Tubby domain (Mukhopadhyay and Jackson, 2011) .
In comparison to four TLPs and one Tubby identified in vertebrates (Lai et al., 2012) , TLP families are expanded in plants. While 11 TLPs have been identified in the Arabidopsis and poplar genome, 14 rice genes encode TLPs (Yang et al., 2008) . This expansion is the result of segmental duplication (rice, poplar) and random translocation and insertion (Arabidopsis), respectively (Yang et al., 2008) , and implicates a significant role of TLPs in plants. Studies from the last decade have indicated a role of rice OsTLP2 in plant immunity and of AtTLP9 in drought resistance and ABA signaling (Lai et al., 2004; Ko et al., 2006; Cai et al., 2008) .
However, the function of other TLPs as well as the signaling mechanisms behind characterized TLPs is less understood. The amino acid sequence of plant Tubby domains is quite divergent but contains four conserved blocks (Yang et al., 2008 
Results

Tubby-like proteins support colonization by the mutualistic fungus Piriformospora indica but do not affect pathogenic interactions
Microarray analysis revealed the induction of a Tubby-like protein (TLP) gene during colonization of barley roots by P. indica (Schäfer et al., 2009) . Recent studies demonstrated that P. indica colonizes Arabidopsis roots in a similar manner as observed before for barley (Deshmukh et al., 2006; Schäfer et al., 2009; Jacobs et al., 2011) . In order to examine systematically the effect of TLPs on P. indica colonization, we used Arabidopsis attlp T-DNA insertion mutants for our studies. TLPs of Arabidopsis fall into six clades: AtTLP1, 5, 10 (clade A1), AtTLP2, 6 (clade A2), AtTLP3, 9, 11 (clade A3), AtTLP7 (clade A4), AtTLP4
(clade B), and AtTLP8 (clade C) (Yang et al., 2008) . We selected two representative members of each clade A1 (AtTLP5, 10) and A3 (AtTLP3, 9) while mutant lines attlp7 and attlp8 were chosen as sole members of clade A4 and C, respectively. In case of clade A2, we were unable to obtain knock-out mutants of AtTLP6 and therefore only analysed colonization of attlp2.
Except for AtTLP7, for which no second independent insertion line was available, we analyzed two independent mutant lines per gene. AtTLP4 was considered as pseudogene (Lai et al., 2004) . Consistent with this, we could not amplify any transcript of AtTLP4 by PCR and did not include attlp4 mutants in our studies. All T-DNA insertion lines used showed a reduction or lack of target TLP transcripts (Fig. S1 ).
The amount of fungal DNA, as indicator for root colonization, was quantified in mutant and wild type roots by quantitative real-time (qRT)-PCR. All lines showed a significantly reduced colonization at 3 days after inoculation (dai) (biotrophic phase) with P. indica though colonization of mutant roots reached wild type levels at 7 dai (cell death-dependent phase).
Only attlp3-2 and attlp5-2 showed significantly reduced colonization at the later timepoint (Fig. 1A) . As the delayed colonization patterns observed in most attlp mutants might indicate an improved colonization at later stages (> 7 dai), we monitored root colonization of the representative mutant line attlp5-1 at 3, 5, 7, and 9 dai. This analysis confirmed the delayed colonization phenotype in attlp5-1, which was indicated by a reduced colonization at 3 dai while no differences were detected at 7 and 9 dai (Fig. 1B) . We further compared the expression of AtTLP2, 3, 5, 7, 8, 9 , 10 in P. indica-colonized and non-colonized wild type roots at 1, 3 and 7 dai, but none of the genes showed a strong differentially regulation during fungal colonization (Fig. S2) .
P. indica suppresses root immunity in order to colonize roots (Jacobs et al., 2011) . Delayed colonization might thus be due to enhanced activation of immune signaling. We therefore examined flg22-triggered seedling growth inhibition (SGI) and P. indica's ability to suppress it in attlp mutants. MAMP (flg22)-triggered SGI was virtually identical in attlp mutants and wild type while P. indica successfully suppressed flg22-induced SGI in all the mutants (Fig.   S3 ). To see whether lack of AtTLPs generally affects host immunity, we tested attlp mutants for pathogenesis of the leaf pathogens Erysiphe cruciferarum and Botrytis cinerea as well as the root pathogen Phytophthora parasitica. cinerea (Fig. S4A) , of attlp2-1, 3-1, 5-1, 9-1 to P. parasitica (Fig. S4B) , and of attlp3-1, 3-2, 5-2 to E. cruciferarum (Fig. S4C ) was almost indistinguishable to respective wild type plants.
In addition, attlp3 roots normally expressed immune marker and stress-related genes when compared to wild type with and without P. indica colonization (Fig. S5) . These results suggest that delayed colonization of attlp mutants was not caused by a general activation of plant immunity but might indicate lack of compatibility.
Conserved 3D protein structure of Tubby-like proteins
We performed 3D homology modelling to determine the protein structure of AtTLP3, as representative member of AtTLPs. AtTLP3 showed 35-38% amino acid conservation in comparison to mammalian TLPs ( Fig. 2A) . The mouse Tubby protein has been crystallized and structurally resolved by Boggon et al. (1999) (PDB-ID 1C8Z) and served as template for 3D modelling, as did the crystal structure of the human TLP1 isoform a (PDB-ID 1S31). The 3D alignment with both structures revealed that AtTLP3 may possess a highly conserved 3D orientation of alpha helices and beta sheets (Fig. 2B, C, D) of the Tubby domain, while some other secondary structure elements and the F-box domain are unique features for a plant TLP such as AtTLP3 (Fig. 2B, C, D) . Moreover, the studies confirmed conservation of the PIP 2 -binding site (Fig. 2D , blue box). The superposition with the crystal structure of mouse tubby protein bound to the PIP 2 analogue L-α-glycerophospho-D-myoinositol 4,5-bisphosphate (IBS; PDB-ID 1I7E; Santagata et al., 2001) showed high positional conformity of the amino acid residues (Fig. 2E) , which are essential for inositol lipid binding. The charged amino acid residues AtTLP3 K187 / R189 show high positional overlaps with the mouse tubby protein residues K330 / R332 or human TLP1 K386 / R388, which represent the determinants of PIP 2 -binding of mammalian TLPs (Fig. 2E) . We observed the most significant difference in the PIP 2 -binding cavity at the amino acid residues P204 / T205 in AtTLP3 and the corresponding residues in the mouse protein G346 / V347, which results in a change of the run of the backbone (2E, F, G). Importantly, the 3D modelling did not show conservation of the DNA binding cavity (indicated by arrows in Fig. 2F, G) within the Tubby domain of the mouse Tubby protein and AtTLP3, which became apparent by the comparison of the amino acid charges on their surfaces (Fig. 2F, G) . However, the overall structure of the Tubby domain of Hs/MmTLPs and AtTLP3 are highly conserved.
Subcellular localization of Tubby-like proteins
We adopted a biolistic transformation assay to examine subcellular localization of AtTLPs fused to green fluorescent protein (GFP). Full-length versions of AtTLP2, 3 and 7 under control of the CaMV35S promoter and fused either at the N and/or C-terminus to GFP were not detectable by confocal laser-scanning microscopy (CLSM) in Arabidopsis leaf epidermal cells. As failed detection might reflect cell death occurrence, the absence of cell autofluorescence and the clear detection of co-bombarded mCherry rather suggests instability of the AtTLP-GFP fusion proteins.
For further localization studies, we decided to detect the C-terminus (CT) and N-terminus (NT) of AtTLP3 separately. In Arabidopsis lines expressing AtTLP3 PROM :GUS, GUS was detected in most organs (except mature siliques), including roots (especially in the stele, root primordia, root tips) and leaves of seedlings as well as adult plants and anthotaxies (e.g. petals, stamens) (Fig. 3) . These results are in agreement to observations made by Lai et al. (2004) , who studied expression of AtTLP3 using PCR. AtTLP3 consists of a leading sequence (1-49 amino acids, aa), the F-box domain (FB; 50-105 aa), a linker sequence (106-115 aa), the Tubby domain (116-399 aa) and an end sequence (400-406 aa) (Fig. 4A ). All AtTLPs, except AtTLP8, which lacks an FB, have a highly similar protein structure (Yang et al., 2008) . NTAtTLP3 (Δ116-406) included the FB domain, while CT-AtTLP3 (Δ1-115) contained the Tubby domain. We fused NT and CT variants to GFP and shot them into Arabidopsis leaves.
Soluble mCherry was co-bombarded and served as cytosolic and nucleoplasmic marker. GFP-CT-AtTLP3 accumulated at the PM of transformed cells, which was distinct from the cytosolic and nucleoplasmic localization of co-expressed mCherry ( determined. Similar to AtTLP3, the Tubby domains of AtTLP2, 7 and 10 showed PM localization while the FB domains showed plastidial localization (Fig. S6) . By contrast, NTAtTLP8-GFP and GFP-CT-AtTLP8 showed cytoplasmic and nuclear localization (Fig. S6) .
A stretch of the leading sequence and F-box domain are required for plastidial localization of the N-terminus of AtTLP3
In silico analyses did not reveal a plastid targeting peptide in AtTLP3. We therefore examined which part of the NT sequence is critical for plastidial localization of NT-AtTLP3 and generated a series of truncated NT-AtTLP3 versions used for biolistic transformation.
Plastidial localization was neither exclusively determined by the leading sequence (NT-
AtTLP3
Δ 50-406 aa-GFP) ( Fig (Fig. S7 ).
PM-tethering of the Tubby domain depends on amino acids K187 and R189 and phospholipase C activity mediates its release
The structural modelling indicated the conservation of the lysine (K187) and arginine (R189) residues in the Tubby domain of AtTLP3 ( Fig. 2A, E) . The corresponding amino acids are essentially required for PIP 2 -binding and PM attachment of Tubby and TLP3 in mice (Santagata et al., 2001) . In order to examine whether the residues K187 and R189 of AtTLP3 are required for PM attachment, we transiently transformed Arabidopsis leaf cells with a
GFP-CT-AtTLP3
Δ 1-115 construct, in which we replaced K187 and R189 each by alanine.
Exchange of these amino acids resulted in PM detachment of CT-AtTLP3, such that GFP-CTAtTLP3 Δ 1-115 K187A R189A co-localized with soluble mCherry (Fig. 8A-F 
Heterologous expression of AtTLP3 in Nicotiana benthamiana.
The instability of full-length (FL) AtTLP3 did not allow determining the subcellular localization in Arabidopsis. By contrast, we detected FL AtTLP3-GFP in biolistically transformed N. benthamiana leaf cells (Fig. 9) . When GFP was cloned in between the F-box and Tubby domain, PM localization of FL AtTLP3 was observed ( Fig. 9A-I ). Similar to GFP-CT-AtTLP3 in Arabidopsis, 20 mM H 2 O 2 induced PM detachment of FL AtTLP3 (Fig. 9J-R) and this process was blocked by phospholipase C inhibitor U71322 (Fig. 9S-AA) . However, indica ( Fig. 1) , a fungus that supports stress resistance, development and reproduction of its hosts (e.g. barley, maize, tomato) (Qiang et al., 2012) .
In order to uncover the function of AtTLPs, we analysed sequences and structures of AtTLPs, and in particular of AtTLP3, in silico, and examined subcellular localizations of full-length (FL) and truncated protein versions. We were unable to detect accumulation of FL AtTLPs fused to GFP in Arabidopsis by confocal laser-scanning microscopy. This suggests a high instability of these proteins as reported for other F-box proteins (Nibau et al., 2011) . Since we detected a FL AtTLP3-GFP fusion protein in N. benthamiana, degradation of AtTLPs is executed apparently by specific proteases (Fig. 9) . Protein modelling suggested the ability of AtTLP3 to bind to PIP 2 (Fig. 2D , E). We tested one AtTLP per clade and showed PM attachment of its Tubby domain (except AtTLP8) in Arabidopsis cells (Fig. 4, S5) . In mouse Tubby, K330 was required to integrate the interaction between 4-and 5-phosphates of PIP 2 while R332 stabilized the interaction with the 4-phosphate (Santagata et al., 2001) . Indeed, corresponding K187 and R189 residues in AtTLP3 were necessary for PM-attachment and likely PIP 2 -binding ( Fig. 2A, D, E) . Replacement of K187 and R189 by alanine resulted in nucleo-cytosolic localization of CT-AtTLP3 (Fig. 8A-F) . The high conservation of PIP 2 -binding residues in all AtTLPs (except for nucleo-cytosolic localized AtTLP8), which even mediate AtTLP3 binding to PM in N. benthamiana, (Fig. S6) suggests their significance for AtTLP function.
In clear contrast to the heterogenous N-terminus in mammalian TLPs, almost all AtTLPs carry an F-box domain at this site. WoLF PSORT predominantly predicted plastidial localization of AtTLPs (Tab. S1) although we did not detect a plastid target peptide or any other localization sequences in silico. We observed a plastidial and nucleo-cytosolic localization of N-terminal fragments of AtTLP2, 3, 7 and 10 ( Fig. 4H-S, S5 ). The FL AtTLP3-GFP fusion protein was not detected in plastids of N. benthamiana cells after PM dislodgement ( Fig. 9J-R) . Therefore plastidial localization might indicate an artefact due to 35S promoter driven overexpression. However, plastidial localization occurred when the Nterminus of AtTLP3 (NT-AtTLP3) was expressed in Arabidopsis cells under control of its endogenous promoter (Fig. 4Q-S) . NT-AtTLP3 also showed plastidial localization in N.
benthamiana (Fig. S8D-F Interestingly, AtTLPs support root colonization by P. indica (Fig. 1A) . Although we did not detect a differentially regulation of AtTLP genes upon P. indica colonization (Fig. S2 ), we observed a delayed establishment of the mutualistic Arabidopsis root-P. indica symbiosis at the biotrophic stage in plants lacking AtTLPs (Fig. 1A) , since (1) all tested attlp mutants showed an unaltered colonization by biotrophic leaf (Erysiphe cruciferarum) and root pathogens (Phytophthora parasitica) (Fig. S4) and (2) exhibited unaltered flg22 responsiveness and P. indica-induced abolishment of flg22-triggered seedling growth inhibition (Fig. S3 ). In addition, attlp3 mutants did not show an elevated expression of stress and immune marker genes (Fig. S5 ) of pathways that we found to restrict root colonization by P. indica (Jacobs et al., 2011) . Currently, the function of plastids in stress signaling in root cells is almost unknown. As these examples already demonstrate the diverse and contrary functions of ROS, the question arise how ROS currents are integrated into specific signaling processes. It is the current believe that the site and amount of ROS production determines the signal output (Mittler et al., 2011) . It is tempting to speculate that AtTLP3 might function as transducer of ROS currents. Future studies have to show, how AtTLPs might affect or even specify ROS signaling and whether they might act in concert with PM-localized receptors as reported for mammals. CRK/DUF26
ROS have a general function in immune signaling (Torres 2010
receptor-like kinases that were found recently to be induced by ROS (Wrzaczek et al., 2010) might represent potential interaction partners
Materials and Methods
Plant growth conditions
Arabidopsis seeds were surface sterilized with 70% (v/v) ethanol for 1 min and sodium hypochlorite (3% active chlorine) for 5 min before being washed ten times with sterile water.
If not stated otherwise, plants were grown aseptically in squared petri dishes on solid ½ Murashige-Skoog (MS) medium without vitamins (Duchefa, Haarlem, The Netherlands), 0.4 % (w/v) Gelrite (Roth, Karslruhe, Germany). For uniform germination seeds were incubated at 4°C for 2 days after sowing before plants were kept in a growth chamber at 22/18°C day/night cycle (8 hours light, 180 µmol m -2 s -1 photon flux density) at 60% rel.
humidity.
T-DNA insertion mutants
We aimed to select T-DNA insertion lines for all AtTLP genes except AtTLP4, which is thought to be a pseudogene (Lai et al., 2004) . 
and attlp9-2 (N659871). Lines attlp9-1 and attlp9-2 are described in Lai et al. (2004) .
Segregating plants were obtained for lines attlp5-2 (N462147), attlp8-2 (N507790), attlp10-1 (N612155) and attlp10-2 (N550916). All lines were selfed and screened for homozygosity by PCR using T-DNA specific primers (LBb1.3 for SALK lines, LB_GABI for GABI-Kat lines)
in combination with primers flanking putative insertion sites (for primer sequences, AGI codes,SALK numbers and insertion sites see Table S2 ).
Analysis of AtTLP expression by semi-quantitative reverse-trasnscription (RT)-PCR
AtTLP transcript abundance in Col-0 and attlp plants was determined by semi-quantitative RT-PCR. Total RNA was isolated from three-week-old plants using TRIzol (Invitrogen) and cDNA was synthesized with the qScript cDNA synthesis kit (Quanta Biosciences) using oligo dT primers. The Arabidopsis Ubiquitin 5 (AtUbi5) transcript was used as a loading control (for primer sequences see Table S2 ). Table S2 ). Data were analysed by Student's t-test.
Inoculation with
Gene expression analysis by qRT-PCR
Experiments were carried out according to Jacobs et al., 2011. Three-weeks-old Col-0 and attlp3-1 plants were inoculated with P. indica or mock treated, and root material was harvested at 0, 1, 3, and 7 dai. Total RNA was extracted using TRIzol (Invitrogen), and aliquots were used for cDNA synthesis with the qScript cDNA synthesis kit (Quanta Biosciences). Ten nanograms of cDNA were used as template for qRT-PCR as described above for fungal quantification. The 2 -ΔCt method was used to determine differential gene expression of immune and stress marker genes . For expression of AtTLPs only Col-0 and timepoints 1, 3, and 7 dai were used (for primer sequences and AGI codes, see Table S2 ).
Pathogen inoculation
Botrytis cinerea strain B05. used as described (Gómez-Gómez et al., 1999; Kunze et al., 2004) .
Generation of AtTLP3 Prom ::GUS lines
For generation of pCX-AtTLP3 Prom ::GUS a stretch of 1032 bp upstream of the translational start site of AtTLP3 was PCR amplified from genomic DNA (for primer sequences see Table   S2 ) and ligated into XcmI digested pCXGUS-P (Chen et al., 2009) after A-tailing. The vector was electoporated into Agrobacterium tumefaciens strain LBA4404pSB1 (kindly provided by Japan Tobacco Inc., Higashibara, Japan, (Komari et al., 1996) ) using E. coli Pulser, (Biorad, USA) according to manufacturer`s instruction. The transformed cells were plated on YEP agar medium containing 5 mg L -1 tetracyclin, 25 mg L -1 rifampicin and 50 mg L -1 kanamycin and subsequently incubated at 28°C in dark for 2 days. Growing antibiotica-resistant colonies of Agrobacteria were subcultured in liquid medium and then screened by PCR amplification using specific primers (for primer sequences see Table S2 ).
Plant transformation and regeneration was performed as described by the vacuum infiltration method (Bechtold et al., 1993) . Briefly, a single colony of Agrobacterium was grown overnight at 28°C in 10 ml YEB medium (0.1% yeast extract; 0.5% beef-extract; 0.5% sucrose; 0.5% casein hydrolysate; 2 mM MgCl 2 ) with appropriate antibiotics (5 mg L -1 tetracycline; 25 mg L -1 rifampicin; 50 mg L -1 kanamycin). Subsequently, the culture was cultivated in 250 mL YEB fresh medium for 6 h until the relative density of OD 600 = 1.8.
Agrobacteria were harvested by centrifugation and then suspended in infiltration medium consisting of ½ MS-salts, vitamin, 5% sucrose, 2.3 µM 6-benzylaminopurine (6-BAP), and 0.01% silwet-L77, pH 5.8, to a final density (OD 600 ) of 1.1 -1.3. Arabidopsis Col-0 plants seeds of two independent transgenic lines were harvested and used for further experiments.
Glucuronidase (GUS) staining procedure
Histochemical staining of GUS activity was performed essentially as described in Jefferson (1987) . Plants were vacuum infiltrated with staining solution (0,1% (v/v) Triton X-100, 2 mM potassium ferrocyanide, 2 mM potassium ferricyanide, 1 mM X-Gluc (Duchefa) and 100 mM sodium phosphate buffer, pH 7.0) and kept at 37°C overnight. To remove chlorophyll, plants were washed three times in 70% ethanol. Images were acquired using a Leica DFC 300 FX digital camera mounted on a Leica MZ 16 F stereomicroscope.
3D modelling
Modelling of the 3D structur of AtTLP3 was done using the project mode of the protein structure homology-modelling server Swiss Model (Peitsch, 1995; Arnold et al., 2006; Kiefer et al., 2009) Visualization of the protein molecules was done using PyMOL.
GFP-fusion constructs
A modified pAMPAT-MCS vector backbone (AY436765) 
Transient transformation and cytological analyses
Plasmid DNA was introduced into Arabidopsis leaves from 4-5 weeks-old soil grown Col-0 plants using a particle inflow gun (Schweizer et al., 1999) . Leaves were placed in petri dishes containing 1% (w/v) water agar (Agar-Agar, Roth, Karlsruhe, Germany) and were kept at 22°C in darkness. For Nicotiana benthamiana, leaves from 4-6 weeks-old soil grown plants were cut in half and placed in petri dishes containing wet filter paper. Confocal images were taken 16-26 h after bombardment on a TCS SP2 microscope (Leica, Wetzlar, Germany). GFP was excited with a 488 nm laser line and detected at 505-540 nm. The marker proteins mCherry, pm-rk, and pt-rk (Nelson et al., 2007) were excited with a 543 nm laser line and detected at 620-660 nm. For microscopy, leaves were placed on glass slides in a bathing solution (2 mM KCl, 1 mMCaCl 2 , 1 mM MgCl 2 , 50 mM mannitol, and 2.5 mM MES/NaOH buffer, pH 5.7) (Furch et al., 2007) Table S2 ).
Image processing
Images were processed for publication using Adobe Photoshop 3.0 Supplemental Table 1 Prediction of the subcellular localization of AtTLPs by WoLF PSORT.
Supplemental
Supplemental Table 2 List of primers used in this study. 
